A theoretical method is presented for calculating the absorption coefficient of a multi-leaf microperforated panel absorber. In this work, the possibility of using multi-leaf type of microperforated panels without solid backing panel is investigated. The number of panels varies from 2 to n (≥2). The sound absorption coefficient is calculated based on electro-acoustic analogy by taking the sound transmission coefficient due to the absence of solid backing panel into consideration. The optimum performance of leaf microperforated panel absorber is also investigated as the function with respect to the design parameters such as perforation ratio, diameter of holes and distance between panels. The numerical results show that the configuration of leaf of microperforated panels can increase absorption coefficient at low frequency region. This fact will give an advantage to the multi-leaf microperforated panel over conventional microperforated panel arrangements. That is, to solve the problem of quite narrow frequency band absorption effect, especially in mid-high frequency region corresponding to their resonant frequencies, that the conventional microperforated panel arrangements inherently possess. Experiment results are also presented that show a reasonable agreement with the theoretical results. Some feasible application ideas of the multi-leaf type of arrangement are also presented.
Introduction
Recently the use of Microperforated Panel Absorber (MPA) as an alternative to the conventional absorber is increasing. It has been recognized as a fiber-free absorber and for its attractive appearance. The story of MPA started when Maa [1, 2, 3] first derived the formulas used for MPA and then investigated the potential of MPA. Since then its application, improvement and theoretical development of MPA have been studied intensively [4, 5, 6, 7, 8] . In all of the previous works dealing with MPA, the conventional arrangement of microperforated panel (MPP) is considered, until Sakagami et al. [9] introduced the double leaf MPP as another type of sound absorber. Conventional means that MPP arrangement has to be terminated with a hard wall. In this work, the number of panel is extended into n number of panel, and the characteristics of each arrangement are discussed and then verified with some measurements. Optimum design of this absorber is also investigated, and in addition, some feasible application ideas are also presented.
Basic theory of MPA
The MPP absorbers have a simple structure and absorption characteristics that are exactly predictable. It consists of panel perforated with sub millimeter orifices in front of an air cavity. The panel may be made of any material such as cardboard, plastic, sheet of metal or wood. Appropriately choosing the parameters of the MPP, absorption in certain frequency bands can be obtained using a cavity of a moderate thickness without the need of additional fibrous material. This will provide a clean-washable absorbent system.
An MPP can be made with distribution of narrow short tubes with hole's distance that is small compared to the wavelength of the impinging sound wave. The propagation of a sound wave in a tube was first studied by Lord Rayleigh and then simplified for short tubes by Crandall (see [2, 3] ). The equation of aerial motion in a tube short compared to the wavelength is given by
where p ∆ is the sound pressure difference between the ends of the tube, t is the length of the tube (or the thickness of the panel), 0
ρ is the density of air, η is the coefficient of viscosity, and r 1 is the radius of the holes. The equation may be solved for the particle velocity u , and the ratio of p ∆ to the average value of u over the cross-sectional area of the tube gives the specific acoustic impedance of the short tube as follows
where ω ρ η 0
is the perforate constant defined as the ratio of the orifice diameter, d, to the viscous boundary layer thickness of the air in the orifice. J 0 and J 1 are the Bessel functions of the first kind of orders zero and one, respectively and ω is the angular frequency.
The sound absorption mechanism of MPA mainly occurs due the effects of the micro-perforation and the resonance phenomena the same with the phenomena found in Helmholtz resonator. The perforations, holes or slots with air space behind them will act as multiple cavity resonators, and the micro size of the perforation will give high sound resistance due to the viscous boundary layers effects in the perforations so that additional sound absorber is not needed anymore as of the conventional Helmholtz resonator. The cavity and neck or perforations combination resemble a spring mass combination and as such have a resonant frequency determined by the mass of the air in the neck and the springiness of the trapped air in the cavity depth. At resonant and neighboring frequencies, the air or sound wave moves vigorously in and out of the cavity causing the acoustic energy of the air to be converted into heat and dissipated. The maximum sound absorption will occur around the resonant frequency and quite wide-band sound absorption around the resonance occurs due the low acoustic mass reactance of the perforations. Obviously the amount of the heat generated is very small as the sound energy is also quite small if one considers it in watts. Another mechanism that could enhance the energy loss in this kind of construction is the fact that the surface of the panel is not smooth anymore because of many holes on it. The edge effect of the holes also in some extend will re-route the sound wave, some will be reflected back out of phase so that small cancellation is also produced just in front of the panel.
Maa [1] introduced approximation formula for Eq. (2) that holds for all value of k and included the end correction factor as
where 
where R and X are resistance and reactance part of the hole impedance respectively that holds for all value of k. The porosity of panel or perforation ratio (σ ) is ratio between total area of holes and total area of panel that is
where b is the separation distance between holes. 
where r and x m are resistance and reactance part of the panel impedance respectively, m is the acoustic mass; c is speed of sound. MPP placed at a certain distance from a solid wall will make it a good sound absorber. The acoustic impedance of air cavity with a depth of D behind MPP, normalized by the air characteristic acoustic impedance, is
The overall acoustic impedance of MPP and air cavity arrangement will be cavity mpp total
Finally the sound absorption coefficient of the conventional MPA is calculated using the following well-known equation ( 1 0 )
Electro-acoustic analog circuit
An arrangement of n number of panel is described in Fig. 1 . The numbering for each panel is started from the right to the left. The distances between two adjacent panels from right to the left are D 2 …D n consecutively.
Figure 1. Microperforated panel arrangement
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Figure 2. Electro-acoustic analog circuit
Using electrical analog circuit, the double leaf MPP absorber can be extended to n number of panels. The total impedance of n leaf MPPs at the surface of MPP n will be
.
In this type of configurations, the effect of sound transmission loss has to be taken into consideration because the terminating wall does not exist. The sound transmission loss due the absence of the terminating wall is given by the following approximation, based on the electrical circuit depicted in Fig. 2 . The sound transmission loss is determined by the loss in Z D1 that is (12) From the total impedance given by Eq. (11), the sound absorption coefficient of multi-leaf MPP without including the sound transmission loss is expressed by 
Finally, the overall sound absorption coefficient of a multi-leaf microperforated panel by including the sound transmission loss is expressed by
( 1 4 )
Double-leaf MPP
The study is started from two-leaf MPP with diameters of 0.3 mm, 0.35 mm, 0.4 mm, 0.45 mm and 0.5 mm with holes' separation distance of 3 mm. These values correspond to the perforation ratio of 0.79%, 1.07%, 1.4%, 1.77% and 2.18% respectively. The distance between two MPPs was set from 10 mm to 60 mm. The first investigation is carried out with two identical MPPs. The results of these arrangements are depicted in Fig. 3 .
Figure 3. Effect of air space's separation on sound absorption of two-leaf MPP
One can observe from Fig. 3 that two-leaf MPP will give a quite high (up to 0.5) value of sound absorption coefficient at low frequency region. This fact is an advantage of this type of MPP absorber compared with the conventional one. It is also observed that the value of sound absorption coefficient will increase with the increase of the distance between panels but the peak of sound absorption coefficient will be shifted to lower frequency region. In the numerical examples above, sound absorption coefficient will increase when the hole's diameter of the panel increases from 0.3 mm to 0.35 mm. After that the value will be decreasing correspondingly. In this case, the optimum value of absorption can be obtained with diameter of holes 0.35 mm with distance between holes of 3 mm, independent on the value of distance between panels.
Sound absorption coefficient when the two MPPs are not identical is shown in Fig. 4 . Figure 4a shows the results when the left-hand side panel (MPP2) is kept constant with diameter of 0.3 mm meanwhile the right-side panel (MPP1) varies in diameter from 0.3 mm to 0.6 mm. The distance between panels is set the same, which is 50 mm.
(a) (b)
Figure 4. Effect of panels' arrangement on sound absorption of two-leaf MPP
The result of the opposite arrangement of the two panels, i.e. MPP1 is kept constant and varied MPP2 is shown in Fig. 4b . It is noticed that the order of panel plays important role to get optimum sound absorption coefficient. In general, to get a better sound absorption coefficient, the panel with higher perforation ratio has to be placed close to the noise source. These phenomena can be explained by the fact that if the right-hand side panel has smaller perforation ratio, it will give higher impedance for the sound to pass through the panel resulted in smaller sound transmission loss, i.e. higher sound absorption coefficient.
Three-leaf MPP
For three-leaf MPP, the investigation is firstly carried out with all three identical MPPs (MPP1=MPP2=MPP3). Here the effect of the order of the air distance between panels is studied. The distance between MPP3 and MPP2 (D3) and the distance between MPP2 and MPP1 (D2) are interchanged while the total distance is maintained the same or constant. The results of such configurations are shown in Fig. 5 . Figure 5a shows the results when the distance of panels closer to the noise source (D3) is constant and that one far from noise source (D2) is varied. The results of the opposite arrangement are depicted in Fig. 5b .
(a) (b) Figure 5. Effect of airspace's order on sound absorption of three-identical-leaf MPP
It can be noted from Fig. 5 that the order of airspace between MPPs does affect the value of sound absorption coefficient. If the air space that is closer to noise source (D3) is smaller than that far from the noise source (D2) or D3<D2 (see Fig. 5a ), the peak value of absorption will be smaller compared with the opposite arrangement but it has wider frequency band. The sound absorption of the opposite arrangement (D3>D2) will give higher peak of sound absorption over lower frequency region, but the frequency band is narrower. It is also noticed that overall sound absorption shifted to lower frequency region.
In Fig. 6 , three panels with all possible arrangements of panels are depicted. Figure 6a and Fig. 6b show the results for the total width of 60 mm and 40 mm respectively.
(a) (b) Figure 6. Effect of panels' arrangement on sound absorption of three-different-leaf MPP
Both figures show that in order to get the best value of sound absorption the order of the panels, in term of hole's size or perforation ratio, should be in "big-smaller-smallest" order or d3>d2>d1. The reason of these phenomena is the same with the case of double-leaf MPP. In addition, the shift in frequency region is also noticed which is the same with the phenomena found in the conventional arrangement of MPP.
Four-leaf MPP
The panels used for four-leaf MPP have diameter of 0.3 mm, 0.4 mm, 0.5 mm and 0.6 mm. All possible arrangements of these panels were investigated. The total distance between panels is set constant of 60 mm and the same for each adjacent panel, which is 20 mm. From four-leaf MPP, there are 24 possible arrangements of panels. In Fig. 7 , two curves correspond to the configurations that give optimum and minimum sound absorption coefficients are shown.
Figure 7. Effect of panels' arrangement on sound absorption of four-different-leaf MPP
The optimum sound absorption can be achieved with the same method shown in three-leaf MPP, i.e. by putting the panel with biggest diameter (highest perforation ratio) close to noise source and the next remaining panels should be smaller and smaller in diameter (d4>d3>d2>d1). All other-possible arrangements will give various results but the results are still within the two curves shown in Fig. 7 .
Meanwhile, in Fig. 8 , the effect of airspace between panels is presented. Figure 8a shows the result for the panels with diameter varies from 0.6 mm to 0.3 mm (the same with the arrangement of panels that give the best value as shown in Fig. 7) , and Fig. 8b shows the result for uniform (d4=d3=d2=d1=0.3 mm) panels.
(a) (b) Figure 8. Effect of airspace's order on sound absorption of four-leaf MPP
One can observe that the order of airspace give almost the same effects as shown for three-leaf MPP. The results from other panels' size also show the same effect. From Fig. 8b one can clearly notice the effect of airspace's order on sound absorption coefficient. If the airspace closer to the noise source is bigger than the remaining airspaces, i.e. D4>D3>D2, the peak of sound absorption (shown with green line) will be higher with the compensation of a narrower frequency band. Conversely, the airspace with order of D4< D3<D2, the sound absorption peak will be lower (shown with magenta line) but it has wider frequency band. As can be seen from Fig. 8a , in the frequency range up to 2500 Hz, the optimum sound absorption, i.e. high value of absorption, can be achieved when the distances between panels are the same (D4=D3=D2) and the arrangement of panels from left to right is in order of d4>d3>d2>d1 (as shown with black line).
From all of the calculation results presented above, the sound absorption coefficient at quite low frequency region is observed. The reason for this phenomenon is the absence of the solid terminating wall. This phenomenon, the low frequency absorption, was also found and reported in the conventional MPA [1, 2, 3] , when one has MPP with solid backing panel that located at far distance, e.g. D>1 m, from the panel resulted in sound absorption at low-mid frequency region.
(a) (b) Figure 9 . Comparison of sound absorption between leaf MPP and conventional MPA Figure 9 shows a comparison between leaf-MPP absorber and conventional MPP absorber (with a solid backing panel at long distance). As can be seen from Fig. 9 , the absorption at low-mid frequency region obtained from leaf-MPP arrangement is almost the same with the average value of that obtained from the conventional MPA.
Experimental results
In the experiment investigation, MPP panels are made from plastic (polyester). In this experiment, three MPP panels are made. The first two MPPs have the same perforation diameter of 0.3 mm and the third MPP has perforation diameter of 0.5 mm. All the three MPPs have the same separation distance between holes of 3 mm. The panel thickness used is 1 mm. These control parameters were selected so that the measurements results can be compared with the calculation results shown in Fig. 3 and Fig. 4 in Section 4. The measurement was carried out using an impedance tube. Transfer function method was implemented for the sake of simplicity. In this validation experiment, the frequency range coverage is from 400 Hz to 1800 Hz based on the dimension of impedance tube used in this measurement [10] . Firstly, the experiment with two-identical leaf-MPP was carried out. Figure 10a and Fig. 10b show the results of two-identical-leaf MPP with 22 mm and 32 mm separation distance between panels, respectively. It can be observed that a quite good agreement was found between the measurements results and the numerical calculation results. The experiments were then extended with two-leaf MPP but with different size of holes or diameters. Figure 11a shows the results when the panel closer to the sound source has diameter of 0.3 mm and the panel far from the sound source has diameter of 0.5 mm. Meanwhile the results of the opposite arrangement, i.e. panels' position is switched or interchanged, is shown in Fig. 11b . As can be observed, again a quite good agreement was found between the measurements results and the numerical calculation results. Nevertheless, with these four figures, it is shown that the experimental works well to verify the numerical calculation appropriately. 
Conclusions
Multi-leaf MPP has been studied both theoretically and experimentally. The studies proved that multi-leaf MPP (MPP without solid backing panel) can give additional sound absorption especially in low frequency region in addition to the clear peak as given by the conventional one. The optimum absorption coefficient in terms of high value and wider frequency range can be achieved by putting panel with bigger perforation ratio closer to noise source. The orders of the cavity between panels also affect the sound absorption, but the effect is not as significant as the order of the panel does. It was also found that there is no one single parameters that can give the optimum value of sound absorption because it seems that there is the optimal value for each single parameters but cannot be combined to get the overall optimum sound absorption. There will be always a drawback found, such as, wider frequency band but a lower value of absorption and vise versa and also the shift in the frequency region. However, in this study, the guidance to get the best value of absorption coefficient has been pointed out. This type of absorber can have an advantage when the attenuation of lower frequency noise is also of interest. Since a multi-leaf MPP can work effectively as sound absorber for sound incidence from both sides, it can be used effectively as a space absorber, e.g., as suspended absorber or as a working space partition in offices, workshops or hospitals. In many engine enclosures, when a heat release is also a concern in addition to the noise attenuation, this type of absorber will be of help. This type of absorber could be applicable also for tunnel partition on the track of subway train or partition wall for highway since it can absorb noise from both sides of roads.
